Interleukin 4 (IL-4) is a potent mediator of growth and differentiation for various lymphoid and myeloid cells. To isolate a cDNA encoding the murine IL-4 receptor, we have developed an expression cloning method that uses biotinylated ligand as a probe and that may be generally applicable to cloning ofreceptor genes. COS-7 cells transiently transfected with the cloned full-length cDNA bind murine IL-4 specifically with a Kd = 165 pM. Crosslinking of 12SI-labeled IL-4 to COS-7 cells transfected with the cDNA reveals binding to proteins of 120-140 kDa. IL-4-responsive cells also express IL-4-binding proteins of 120-140 kDa but show additional bands at 60-70 kDa; the relationship of the smaller proteins to the larger ones is unclear. The nucleotide sequence indicates that the fulllength cDNA encodes 810 amino acids including the signal sequence. While no consensus sequence for protein kinases is present in the cytoplasmic domain, a sequence comparison with the erythropoietin receptor, the IL-6 receptor, and the j3 chain of the IL-2 receptor reveals a significant homology in the extracellular domain, indicating that the IL-4 receptor is a member of a cytokine receptor family.
Interleukin 4 (IL-4), initially designated B-cell-stimulating factor 1, was originally identified as a T-cell-derived factor that induced proliferation of resting B cells costimulated with anti-IgM antibodies (1) . Numerous other immunomodulatory properties were subsequently identified for this cytokine (see refs. 2 and 3 for review). IL-4 acts on B cells to regulate switching to IgG1 and IgE and to induce the expression of class II major histocompatibility complex molecules and Fc, receptor II (CD23). It acts on T cells as a growth factor and induces DNA synthesis in thymocytes that have been stimulated with phorbol 12-myristate 13-acetate. IL-4 is also a potent growth and differentiation factor for hemopoietic lineages, enhancing erythroid, granulocyte, macrophage, and mast cell colony formation when used as a costimulant with other hemopoietic growth factors (4) .
IL-4 manifests these biological effects by binding to specific receptors on cell surfaces. Several laboratories including our own have identified and partially characterized IL-4 receptors on a variety of cell types of both hemopoietic and nonhemopoietic origin (5) (6) (7) (8) (9) (10) (11) . Receptor-ligand binding analyses have indicated that IL-4 binding is mediated by a single high-affinity receptor (Kd = 20-100 pM) expressed at low levels (100-5000 receptors per cell) on most cells tested. Crosslinking studies have revealed IL-4-binding proteins of 130, 80, and 70 kDa, with some indication that the smaller species may be degradation products of the largest one (12) . Binding of IL-4 to the receptor does not stimulate inositolphospholipid metabolism, Ca2+ mobilization, protein kinase C translocation, or membrane depolarization on resting B cells (13, 14) . IL-4 instead induces protein phosphorylation on B cells (14) , and IL-4-induced protein-tyrosine phosphorylation has been detected in myeloid cell lines (15) . However, the role of protein phosphorylation in signal transduction is unclear and the intracellular events induced by are still obscure. A better understanding of the molecular basis of cellular responsiveness to IL-4 requires identification of the receptor by either protein purification or gene cloning. We have recently purified the gibbon IL-4 receptor and shown that high-affinity binding (Kd = 30 pM) can" be mediated by a single 130-kDa glycoprotein (16) . During the purification, a small amount of lower molecular mass IL-4-binding protein was copurified with the 130-kDa form, leaving the possibility that the smaller protein is a degradation product or is associated with the 130-kDa protein.
We report here the expression cloning of a cDNA encoding a mouse IL-4-binding protein of 120-140 kDa. To iSolate the IL-4 receptor cDNA by expression, we developed a procedure that may be generally applicable to cloning of receptor genes. Since no antibody against the IL-4 receptor was available, we modified the procedure of Seed and Aruffo (17) to use biotinylated IL-4 as a probe. We report that the cloned cDNA encodes the IL-4 receptor and that the IL-4 receptor belongs to a family of cytokine receptors. §
MATERIALS AND METHODS

Biotinylation of IL-4 and Selection of Variant HT-2 Cells
That Overexpress IL-4 Receptors. Escherichia coli-expressed recombinant murine IL-4 was purified (5) and then incubated for 2 hr at room temperature with sulfosuccinimidyl 6-(biotinamido)hexanoate (NHS-LC-biotin, Pierce) at a 1:100 molar ratio. The reaction 'was stopped by addition of Tris HCl (pH 8.0) and the sample was extensively dialyzed at 4°C against phosphate-buffered saline (PBS: 120 mM NaCI/ 2.7 mM KCl/10 mM phosphate buffer, pH 7.4). Under these conditions, most of the IL-4 shifted its 'mobility on SDS/ PAGE, indicating *that most of the IL-4 molecules were biotinylated. The concentration of biotin-IL-4 was determined by a Bradford assay (18) with bovine serum albumin (BSA) as standard. Biotin-IL-4 inhibited the binding of 1251 labeled IL-4 to cells, and biotinylation did not significantly affect the biological activity of IL-4 as evaluated by cell proliferation assays using the murine T-cell line HT-2. Flow cytometric analysis of HT-2 cells incubated with biotin-IL-4 followed by phycoerythrin-conjugated streptavidin (Becton Dickinson) showed significant specific binding that was satAbbreviations: BSA, bovine serum albumin; FACS, fluorescenceactivated cell sorting; IL, interleukin.
tTo whom reprint requests should be addressed. §The sequence reported in this paper has been deposited in the GenBank data base (accession no. M29854).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" Using the procedure described above, we screened a cDNA library prepared from poly(A)+ RNA of a murine IL-4-responsive mast cell line, MC/9, expressing 4000 receptors per cell. After three cycles of enrichment, 12 plasmids out of 24 plasmids analyzed had the same 1.9-kb cDNA insert. COS-7 cells transfected with one of these clones, c119, bound radioiodinated murine IL-4 specifically (see below).
RNA Blot Analysis and Isolation of Full-Length cDNA. RNA blot analysis using the 1.9-kb insert as a probe showed a major band at about 3.5 kb and a minor band at 4.5 kb (Fig.  2) . The transcript was detected in the IL-4-responsive murine cell lines MC/9 and HT-2 but not in a human T-cell line, Mo. The HT-2.7 cells selected for high expression of the IL-4 receptor showed several smaller RNA species. Expression of these additional transcripts may contribute to the overexpression of the IL-4 receptor. Because the cloned cDNA insert was only 1.9 kb, which is substantially shorter than the major mRNA species, we used the cloned 1.9-kb cDNA insert as a probe to screen the original MC/9 cDNA library and a cDNA library made from an immature mast cell line, IC2. We obtained a 3.5-kb insert from the IC2 library (cl23) and selected this cDNA for further characterization. 
There is no typical immunoglobulin-like structure as is found in various cell surface proteins including the IL-1 receptor, the IL-6 receptor, and the interferon y receptor (26) . However, a comparison of the amino acid sequence with that of other cytokine receptors reveals significant homology with the erythropoietin receptor (24) , the IL-6 receptor (23), and the ,B chain of the IL-2 receptor (25) (Fig. 4) . A similar sequence has also been found in the extracellular domain of the IL-3 receptor (19) . Typically, there are 4 cysteine residues with a fixed distance and several hydrophobic amino acids around 2 of these cysteines. There also exists a striking homology close to the transmembrane domain (Fig. 4) .
The cytoplasmic domain, composed of 553 amino acids, has no consensus sequences for tyrosine kinases Identical residues and conserved substitutions are marked by solid and dashed boxes, respectively. Gaps have been introduced to maximize homology. aa, Amino acids.
for a tyrosine kinase and one potential phosphorylation site for protein kinase C were found (Fig. 3) . In addition, high percentages of proline and serine residues, 12% and 11% of the cytoplasmic amino acids, respectively, were noticed. The original cDNA (c619) isolated by panning was found to be truncated at the 565th amino acid with a translational termination codon 3 bases inside of the vector sequence. The original cDNA should produce a protein of 566 amino acids.
Binding Properties of the H14 Receptor Expressed on COS-7 Cells. COS-7 cells transiently transfected with the cloned cDNA were used to evaluate the binding properties of the recombinant IL-4 receptor. The binding was specific and other cytokines, including human IL-4, did not compete with 1251I-IL-4 (unpublished data). An equilibrium binding isotherm of 1251-IL-4 ( Fig. 5) showed a single binding class of Kd = 165 and 195 pM for the full-length clone, c123, and the original clone, c119, respectively; these values are slightly higher than the dissociation constant of the IL-4 receptor present on IL-4-responsive cells (20-100 pM) (5-10). Thus, the product of the original cDNA, which lacks about 200 amino acids from the C terminus, still binds IL-4 with the same affinity, indicating that this region is dispensable for optimum binding.
Crosslinking of 1251I-IL-4 with the IL-4 receptor expressed on transfected COS-7 cells showed a broad band at 120-140 kDa after subtraction of a single (Fig. 6) . The calculated molecular mass of the IL-4 receptor from the deduced amino acid sequence is 85 kDa, suggesting that glycosylation of the receptor occurs, possibly at some of the indicated sites (Fig. 3) . The broad band observed by crosslinking may be due to glycosylation differences, crosslinking with one or two IL-4 molecules, partial degradation of the larger species, or a combination of these. COS-7 cells 
DISCUSSION
The method developed by Seed and Aruffo (17) has greatly facilitated the identification of cell surface molecules by cDNA cloning (17, 19, 25 1 and 3) (27) demonstrated that in the presence of IL-6, the extracellular domain of the IL-6 receptor interacts with a cell surface glycoprotein, gp130, and that this interaction is sufficient for signal transduction. This result leads us to speculate that the common structure found in the extracellular domains of the cytokine receptors may be important for interaction of the cytokine receptors with other cell surface proteins. Identification of the proteins associated with the IL-4 receptor will be necessary to resolve this issue.
The cytoplasmic domain of the IL-4 receptor shows little sequence homology to the equivalent domains of other cytokine receptors. However, the abundance of prolines and serines in the cytoplasmic domain of the IL4 receptor is significantly higher than that of other amino acids, which is a common feature among the cytoplasmic domains of the IL-2 receptor 8 chain (25), the IL-3 receptor (19) , and the erythropoietin receptor (24) . Proline-rich motifs may be important for interaction with other proteins as previously suggested for some nuclear proteins (28) . For example, IL-2, IL-3, and IL-4 are all capable of inducing protein-tyrosine phosphorylation in some myeloid cell lines (15) , although none of these receptors has an intrinsic tyrosine kinase. It is therefore conceivable that protein-tyrosine kinase(s) interact with these receptors directly or indirectly. It is also interesting to compare the biological effect of IL-4 with those of IL-2 and IL-3. For example, both IL-2 and IL-4 stimulate proliferation of T cells and both IL-3 and IL-4 stimulate mast cells. However, while IL-2 and IL-3 support long-term proliferation, IL-4 maintains cell viability only transiently. The sequence homology between the cytoplasmic domains of the IL-3 receptor and the IL-2 receptor /3 chain (19) leads us to speculate that the IL-3 receptor and the IL-2 receptor may interact with a homologous protein in mast cells and T cells, respectively, while the IL-4 receptor may interact with a different protein.
Note Added in Proof. Mosley et al. (30) reported the cloning of a murine IL-4 receptor cDNA that is identical to the one described here.
